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Summary
Biological membranes control the flow of molecules in-
to and out of cells, and they transmit information about
the milieu. Structural studies of membrane-containing
viruses provide one way to study these membranes
in situ. Cryo-electron microscopy and image recon-
struction of bacteriophage Bam35 to 7.3 A˚ resolution
revealed a membrane bilayer constrained within an
icosahedrally symmetric pseudo T = 25 capsid. A total
of 60 large transmembrane protein complexes affect
the curvature and thickness of the membrane. Here, we
describe these membrane parameters quantitatively.
Furthermore, we show that Bam35 differs from bacte-
riophage PRD1 in these parameters, even though the
two viruses share the same principles of capsid archi-
tecture. Most notably, each virus possesses a tape
measure protein suggesting a general mechanism for
capsid size determination in icosahedral viruses.
Introduction
Biological membranes are complex, highly dynamic
mixtures of lipids and proteins involved in many cellular
processes. Presently, very few examples of membrane
protein structures exist, as crystallization of integral
membrane proteins remains a serious hurdle to struc-
ture determination. Alternative methods to X-ray crystal-
lography for membrane protein structure determination
include NMR, atomic force microscopy, and electron mi-
croscopy (Torres et al., 2003; Werten et al., 2002). The
study of membrane-containing viruses presents one
possibility for analyzing both membrane and membrane
protein structure in a relatively simple model system, as
exemplified by the recent X-ray crystallography study of
the membrane-containing virus PRD1 (Abrescia et al.,
2004; Cockburn et al., 2004). Improved computational
methods for the three-dimensional (3D) reconstruction
of cryo-electron microscopy (cryo-EM) images demon-
strate that now it is possible to identify secondary struc-
ture in viral membrane proteins in situ, with examples
available from the Corticoviridae, the Flaviviridae, and
the Togaviridae (Chacon and Wriggers, 2002; Huiskonen
et al., 2004; Ji et al., 2003; Jiang et al., 2001; Mancini
et al., 2000; Marinescu et al., 2001; Zhang et al., 2003).
*Correspondence: sarah.butcher@helsinki.fi
2 These authors contributed equally to this work.In addition to protein structure, the membrane itself has
an important role in virus function, because membrane
thickness and curvature affect protein function via
lipid-protein interactions. The mechanisms involved, hy-
drophobic matching and curvature stress, have been re-
viewed previously (Jensen and Mouritsen, 2004). Hydro-
phobic matching may play a role in the selection of viral
membrane proteins, and membrane curvature may pro-
vide the destabilization necessary to facilitate mem-
brane fusion during infection.
The temperate bacterial virus Bam35 infects the gram-
positive host Bacillus thuringiensis (Ackermann et al.,
1978; Ravantti et al., 2003). Bam35 is a member of the
Tectiviridae and, like the type member PRD1, has an iso-
metric protein coat surrounding the lipid bilayer (Acker-
mann et al., 1978; Grahn et al., 2005; Laurinavicius
et al., 2004). The viral membrane lipids are derived
from the host cell membrane. The phosphatidylglycerol:
phosphatidylethanolamine ratio is higher in the viral than
in the cellular membrane, indicating some selectivity dur-
ing assembly (Laurinavicius et al., 2004). The bilayer
encloses the linear double-stranded DNA genome
(14.7 kbp) (Ravantti et al., 2003). There are 32 predicted
gene products (gp), 10 of which have predicted trans-
membrane helices (Ravantti et al., 2003). Sequences of
the Bacillus thuringiensis sv. israelensis phage GIL01
and the linear Bacillus cereus plasmid pBClin15 are
very similar to that of Bam35 (Stro¨msten et al., 2003; Ver-
heust et al., 2003). However, the Bam35 genome se-
quence has no significant similarity to PRD1; thus, geno-
mic approaches have revealed little information about
the probable structure of Bam35 (Ravantti et al., 2003).
Some ORFs have been assigned, such as the Bam35
major capsid protein (MCP; gp18), but no Bam35 X-ray
structures are available. However, the fold of the MCP
is predicted to be similar to that of PRD1 (protein P3;
Benson et al., 1999, 2004; Ravantti et al., 2003; Stro¨ms-
ten et al., 2003).
PRD1, which infectsgram-negativeantibiotic-resistant
bacteria, is well-characterized both biologically and
structurally (Grahn et al., 2005). Cryo-EM combined with
image reconstruction and X-ray crystallography has
revealed the structure of the virion, the membrane, the
receptor binding protein, the spike protein, and DNA
organization (Abrescia et al., 2004; Cockburn et al.,
2004; Grahn et al., 2005; Merckel et al., 2005). The coat
proteins are organized on a pseudo T = 25 lattice, with
240 trimers of the MCP (P3) forming the facets of the
coat (facet-to-facet distance =w640 A˚), P31 pentamers
on the 5-fold vertices, P30 dimers running between adja-
cent facets connecting the vertices, and 60 copies of
a small membrane protein, P16, stabilizing the vertices
(Abrescia et al., 2004; Grahn et al., 2005; Jaatinen et al.,
2004). Flexiblespikeson theverticesare required forhost
recognition (Grahn et al., 1999; Rydman et al., 1999). The
spike complexes are composed of the host recognition
protein P2 and the trimeric spike protein P5 attached to
the P31 pentamers (Rydman et al., 1999). Both the MCP
and P31 consist of eight-stranded b barrels with a jelly-
roll topology (Abrescia et al., 2004; Benson et al., 1999).
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(A) Cryo-electron micrograph of Bam35 taken at 3 mm underfocus.
Intact (black arrowhead) and empty (white arrowhead) virions, with
a diameter of roughly 70 nm. The icosahedral shape of the particles
is reflected in the hexagonal outline of the virion images. Spikes
are seen occasionally projecting out from the virion surface (black
arrows). The viral membrane is visible, underlying the protein capsid
in the empty particles. The membrane occasionally forms tubes
(inset).
(B and C) Central 0.7 nm thick sections through the (B) intact virion
and the (C) empty particle reconstructions. The different layers are
labeled in (B).
(D) Surface representation of the 7.3 A˚ resolution virion reconstruc-
tion viewed down a 2-fold axis of symmetry using the threshold giv-
ing the correct mass for the MCP shell (1.3s above the mean). The
icosahedral unit contained 12 copies of the MCP arranged as 4
trimers colored in yellow, green, blue, and cyan. The pentameric pro-
tein is colored in magenta. One asymmetric unit is outlined. The po-The MCP has two b barrels that give the trimer base a
pseudo hexagonal shape that packs efficiently to form
the capsid. This is a conserved fold also seen in the major
coat proteins of adenoviruses that infect mammals
and birds and in Paramecium bursaria chlorella virus,
type 1 (PBCV-1), which infects unicellular algae (Benson
et al., 1999; Nandhagopal et al., 2002; Roberts et al.,
1986).
The hosts for PRD1 and Bam35 are considered to
have diverged more than one billion years ago (Feng
et al., 1997). Therefore, the structural analysis of Bam35
should reveal whether or not the capsid architecture is
maintained despite evolutionary pressure to adapt to
very different hosts. As the PRD1 membrane is involved
in DNA entry (Grahn et al., 2005), this adaptation may be
visible through detailed comparison of the viral mem-
branes. Since the lipid composition reflects that of the
host (Laurinavicius et al., 2004), we are interested in
the effects on local curvature and thickness of the viral
membrane. We used cryo-EM and image analysis to de-
scribe the structure of the Bam35 virion at 7.3 A˚ resolu-
tion. Then, we compared the structure to the recently
published atomic model of the PRD1 virion (Abrescia
et al., 2004). Finally, we developed a quantitative method
to describe the membrane curvature and thickness from
icosahedral reconstructions of membrane-containing
viruses and related this to membrane protein positions
for a number of different viruses.
Results
Cryo-EM of Bam35
When Bam35 initially was isolated, the morphological
similarity to PRD1 was evident in the negatively stained
EM micrographs (Ackermann et al., 1978). To analyze
the extent of this similarity at higher resolution, we car-
ried out cryo-EM and image reconstruction. To preserve
the virion in an aqueous native state for imaging, Bam35
was vitrified directly after purification (Adrian et al.,
1984). In these fresh preparations, the majority of the
particles were intact, DNA-filled virions (Figure 1A, black
arrowhead). Some similar-sized DNA-lacking (empty)
particles also were present (Figure 1A, white arrow-
head). Spikes that were w15 nm long were visible on
some vertices (Figure 1A, black arrow). Tubes formed
from the membrane occasionally protruded from one
vertex of the empty particles (Figure 1A, inset), like those
involved in PRD1 DNA delivery (Bamford and Mindich,
1982; Grahn et al., 2002; Lundstro¨m et al., 1979).
We used a data set of 4474 particle images collected
from 69 micrographs over a defocus range of 20.6
to 21.9 mm to calculate the icosahedral 3D reconstruc-
tion of the virion (Figure 1B). In the reconstruction, the
outer protein coat had the strongest density and was re-
solved to the highest resolution. Fourier shell correlation
(FSC) (Harauz and van Heel, 1986) using a conservative
threshold (FSC = 0.5) indicated a resolution of 7.3 A˚ for
the protein coat; for the entire virion, this resolution
sitions of an icosahedral 2-fold (ellipse), 3-fold (triangle), and 5-fold
(pentagon) axis of symmetry are marked in (C) and (D).
The scale bar in (A) represents 100 nm; the scale bar in (C) represents
20 nm for both (B) and (C).
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1821was 8.8 A˚. This difference was due to the less icosahe-
drally ordered membrane and DNA layers underneath
the coat. To divide these layers into separate membrane
and DNA components, we compared the virion recon-
struction to one calculated from the empty particles
(Figure 1C). The empty particle reconstruction origi-
nated from 379 images collected from 32 micrographs
with a defocus range of 20.6 to 21.7 mm and was re-
solved to 18 A˚ (FSC = 0.5). Comparison of central sec-
tions through the two reconstructions showed that the
capsids were similar in size, organization, and confor-
mation, and that the two layers directly beneath the coat
contributed to the membrane bilayer, whereas all the re-
maining internal layers were DNA (Figures 1B and 1C).
The outermost DNA layer was associated closely with
the inner leaflet of the membrane, as in PRD1 (Cockburn
et al., 2004). Bam35 has pronounced icosahedral facets
measuringw650 A˚ between opposite faces andw730 A˚
between the spike tips of opposite vertices of the recon-
struction (Figure 1D).
Bam35 Is Structurally Similar to PRD1
The Bam35 MCP trimers with pseudo hexagonal bases
were organized on a pseudo T = 25 lattice (Figure 1D).
This organization is similar to that of adenovirus and
PRD1 (Butcher et al., 1995; Stewart et al., 1991). Detailed
comparisons of each of the major structural elements
are given in Figures 2–5 and summarized schematically
in Figure 6. Protein names refer to Bam35 unless stated
otherwise. The accurate positions of the four nonicosa-
hedrally related Bam35 trimers were defined by initially
fitting the atomic model of PRD1 MCP (PDB: 1HX6; Ben-
son et al., 2002) into the Bam35 density map. Having
thus defined the relative rotational and translational rela-
tionships between the four Bam35 trimers, these data
were exploited to average the Bam35 trimers together
(see Experimental Procedures). This enhanced the boun-
dary of the molecule with respect to the rest of the den-
sity, from which it then was segmented manually. The
segmentation was carried out without reference to the
PRD1 MCP atomic model in order to avoid model bias.
The segmented, averaged trimer was subtracted from
the reconstruction to yield a difference map that was
used to localize additional components (see below). The
Bam35 MCP density closely resembled PRD1 MCP (Fig-
ures 2A–2D). The overall dimensions and the height of
the two b barrels (V1 and V2) were the same (Figures
2A and 2B). The three longest a helices, which occurred
in PRD1 MCP (NT-a, FG1-a, FG2-a; Benson et al., 1999),
were visible in the Bam35 MCP density map (Figures 2B
and 2C). Even though the separation of the b barrels into
two b sheets and some of the b turns were evident (Fig-
ure 2D), the topology of the Bam35 MCP fold was not
fully traceable at this resolution. Nevertheless, it seemed
that the fold was highly similar to that of PRD1. These
results support the hypothesis that the two MCPs are
homologous, despite only showing 12% amino acid se-
quence identity (Stro¨msten et al., 2003). The main differ-
ences in the alignment occurred in loops predicted to be
longer in PRD1 MCP. These included the FG1 trimeriza-
tion loop, the HI1 loop in the larger b barrel, the I1B2 loop
that touches the membrane in PRD1, and the HI2 loop in
the smaller bbarrel (V2). These areas of the atomic model
extended out of the Bam35 MCP density map (FiguresFigure 2. Comparison of the Major Coat Protein from Bam35 with
the Atomic Model of that of PRD1
(A and B) Averaged Bam35 MCP density is shown in transparent gray
from the (A) top andfromthe (B)side.The PRD1MCPX-raystructure is
shown as a ribbon withahelices colored in cyan andbstrands colored
in blue. The loops missing in Bam35, and thus projecting out from the
MCP density, are in red. The N-terminal a helix is labeled in (B) (NT-a).
(C) A section from (A) showing the agreement in the labeled a helices
and in the b sheets.
(D) A close-up from (B) showing the evident separation of b sheets in
the density of the b barrel and the good fit of some of the loops that
are the same length in Bam35 and PRD1 (black). (C) and (D) are con-
toured at a high threshold (2.0s) to illustrate the high-resolution de-
tails in the structure.
(E and F) The PRD1 MCP N termini project out from the Bam35 den-
sity (red, residues 15–24). The N termini of Bam35 MCPs are in a dif-
ferent conformation (indicated with an arrow) from those of the PRD1
MCP N termini (labeled with N) either (E) pointing toward the mem-
brane or (F) touching it. The PRD1 MCP trimers shown as a Ca trace
are colored as in Figure 1D.
(G and H) The C termini of Bam35 MCP form intertrimeric bridges
around both the (G) quasi and the (H) true 3-fold axes of symmetry
outlined with a black, dotted rectangle on the side of the trimer facing
the membrane. The conformations of Bam35 MCP C termini could be
derived from PRD1 MCP C termini (in purple) conformations by
a change in the angle (indicated with an arrow). The N termini (red)
point directly toward the membrane, not toward the bridges.
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18222A–2D, indicated in red), while the rest of the model fit
extremely well. This structural comparison was in agree-
ment with an earlier sequence alignment between the
two MCPs (Stro¨msten et al., 2003). Having confirmed
the similarity of the PRD1 and Bam35 MCP, and since
Figure 3. Comparison of the Minor Components of the Bam35 Cap-
sid with Those of PRD1
(A and B) View of the Bam35 vertex complex from the (A) side and
from the (B) outside of the virion with the Ca backbones of the
PRD1 atomic models of peripentonal MCP (yellow), vertex penton
protein P31 (purple), and tape measure protein (orange) super-
posed. The density contributing to the spike is in violet, and density
between the penton and the membrane is in brown.
(C) Close-up of the superposition between PRD1 P31 and Bam35
density illustrates the similarity of the b barrels. The PRD1 P31 N-ter-
minal arm (blue, residues 6–11) protrudes out from the difference
map density.
(D) The vertex complex as in (B) and the spike and the penton base
were removed to reveal the density analogous to PRD1 P16 (red,
residues 42–56). The PRD1 P16 C-terminal a helix diverging from
the Bam35 density (residues 94–116) is in blue.
(E) The PRD1 tape measure protein (orange, residues 28–79), run-
ning along the facet edges, is superimposed on the Bam35 density
map. The N-terminal dimerization domain is not visible in Bam35
(blue, residues 1–27, N terminus labeled). The icosahedral 2-fold
axis of symmetry is indicated (ellipse). The gray isosurface corre-
sponds to a difference map, where contribution from the MCP is
subtracted.the capsids were the same size, we then superimposed
the Bam35 reconstruction and the atomic model of the
entire PRD1 virion (Abrescia et al., 2004). This allowed
us to compare the positions of the MCP N and C termini
as well as the positions of several minor PRD1 proteins
(P16, P30, and P31; see below).
In PRD1, the N termini of the MCP have two distinct
conformations. One conformation is comprised of an
extended chain (residues 1–6) that dips into the outer
leaflet of the membrane, followed by a long a helix (res-
idues 8–34). In the other conformation, the helix bends at
residue 18, and the N terminus interacts with other MCP
monomers rather than with the membrane (Abrescia
et al., 2004). However, sequence alignment of the PRD1
and Bam35 MCPs indicated that the Bam35 MCP N ter-
minus was 14 residues shorter (Stro¨msten et al., 2003).
Thus, the N terminus of Bam35 may have less conforma-
tional freedom than that of PRD1. Indeed, we identified
only one N-terminal conformation in which the a helix
breaks at approximately Glu3 and Glu4, causing it to
kink toward the membrane (Figures 2E and 2F). An anal-
ogous kink at two consecutive glutamines also was
present in the N-terminal a helix of PRD1 MCP (Abrescia
et al., 2004). The Bam35 MCP N terminus interacts with
the outer leaflet of the membrane in all but the peripen-
tonal trimers, which were furthest away from the mem-
brane (Figures 2E, 2F, and 6).
Figure 4. Transmembrane Helices in Bam35
(A) A partial central cross-section through a 3-fold axis of symmetry
showing transmembrane densities (arrows).
(B) A section along the plane indicated in (A) (dashed line) shows that
the transmembrane densities are clustered into three bundles per
facet (arrow).
(C) Isosurface representation with membrane density in gold and
capsid in gray. The Ca traces for fitted PRD1 MCP (blue, green,
and cyan) are shown.
(D) The N termini from trimers 2 (green) and 4 (cyan) are in close prox-
imity to the transmembrane density (gold isosurface).
The scale bar in (B) represents 20 nm for both (A) and (B).
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1823PRD1 MCP C termini also showed several distinct con-
formations, which mediated capsomer-capsomer inter-
actions, thus controlling assembly. Bam35 MCP C
termini have an equivalent role, although the actual po-
sitions of the termini appear to be different. For example,
in PRD1, a trimeric knot of termini from neighboring
trimers locks a group of three trimers together (the CI
conformation, see Abrescia et al., 2004). In Bam35, there
also were bridge-like densities linking adjacent trimers
that most likely were from the MCP C termini only, as
Figure 5. Membrane Curvature and Thickness Related to Trans-
membrane Protein Position
(A and B) (A) The degree of curvature in the outer leaflet of the
Bam35, PRD1, and Dengue virus membranes and the (B) corre-
sponding membrane thickness are plotted over the icosahedral
asymmetric unit. The relative position of the central cluster of
Bam35 transmembrane densities (black circle) and the six peripheral
helices are indicated (black dots), as are the single transmembrane
helix of PRD1 (black dot) and the position of the Dengue virus trans-
membrane proteins E (black triangle) and M (black square). The
thickness is marked in nanometers for one of the contour lines in
each plot in (B).the N termini are so short (Figures 2G, 2H, and 6). This
structure seems to involve 5 out of 12 Bam35 MCP
monomers as opposed to 4 in PRD1. Alternative C ter-
mini conformations may account for the extra density
between adjacent facets, in addition to the density allo-
cated to the tape measure protein (see below).
The Protein Complex at the Vertices
The difference map, in which the averaged Bam35 MCP
density had been subtracted from the virion reconstruc-
tion, revealed density due to the presence of additional
proteins. As in PRD1, the 60 A˚ diameter holes at the 5-
fold vertices are plugged by a pentameric, as yet un-
characterized, minor capsid protein (w12 kDa; Figures
1B–1D and 3A–3C) analogous to the PRD1 penton pro-
tein P31 (13.7 kDa). The P31 8-stranded b barrel
(Abrescia et al., 2004) fit well within the Bam35 vertex
density map, except for the N-terminal residues (6–11)
that interdigitated with the peripentonal trimers in PRD1
(Figures 3A–3C). This suggested that these two virus
structures share a common fold. Two possible candi-
dates for the Bam35 protein based on size are the yet
unassigned gene products gp13 (12.2 kDa) and gp21
(16.3 kDa). Another candidate suggested earlier based
on genome location is gp27 (18.6 kDa; Ravantti et al.,
2003).
Figure 6. Schematic Diagram of a Bam35 Facet
The major capsid protein (MCP) trimers belonging to one facet are
color coded according to the position within the asymmetric unit.
Neighboring MCP trimers from adjacent facets are shown in white.
The true icosahedral and local 3-fold axes are shown as small black
and gray triangles, respectively. MCP C termini forming interhexa-
meric bridges are shown as yellow arrows. The base of the arrow in-
dicates the monomer from which the terminus originates.
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evident (6 kDa; Figures 3A and 3B; peripheral violet den-
sity). It was embedded in and protruded 1.8 nm outward
from the base. This is analogous to the PRD1 vertex as
seen in the cryo-EM reconstruction, where a smaller
knob also was present (San Martı´n et al., 2002). The knob
corresponded to only a fraction of the entire spike (Fig-
ure 1A, black arrows); the rest of the protein structure is
unresolved due to flexibility, a symmetry mismatch, or
both. To search for PRD1 spike complex protein homo-
logs in Bam35, we carried out a threading experiment
(Jones, 1998). Threading of all of the Bam35 predicted
gene products onto all available PRD1 X-ray structures
showed that gp29 is possibly homologous to the PRD1
receptor binding protein P2, which is part of the spike
complex in PRD1 (statistically significant Z score of
3.6). For comparison, the Bam35 MCP sequence gave
a lower Z score (2.5) when threaded onto the PRD1
MCP structure. gp29, being a much a shorter protein
than PRD1 P2, would correspond only to the C-terminal
half of P2 (residues 236–533). Thus, gp29 most likely is a
component of the Bam35 spike. A possible PRD1 spike
protein P5 homolog, gp28, is another spike complex
protein candidate (Ravantti et al., 2003), although its
threading score was insignificant.
A transmembrane protein (P16) that links the spike
complex to the membrane is present in PRD1 (Jaatinen
et al., 2004). Some PRD1 P16 residues overlap with five
V-shaped densities under the Bam35 penton, adjacent
to the base of the MCP (Figure 3D, red chain, residues
42–56; Figure 6). A barrel-like density with clear 5-fold
symmetric features sits directly under the Bam35 pen-
ton (Figures 3A and 3D). This space is empty in the
PRD1 atomic model, but it was proposed that residues
57–93 of P16 would occupy this space (Abrescia et al.,
2004). Taken together, these results suggested that
Bam35 has a protein analogous to PRD1 P16.
Bam35 Capsid Has a Tape Measure Protein
A tape measure protein (P30) essential for PRD1 assem-
bly and identified in the X-ray structure of PRD1 has been
proposed to determine the size of the PRD1 icosahedral
capsid (Abrescia et al., 2004; Rydman et al., 2001). It is an
unusual protein, as it is an extended polypeptide chain
throughout its length. Remarkably, when the averaged
Bam35 MCP density was subtracted from the virion
reconstruction, a thin, continuous density running from
the 5-fold axis toward the 2-fold axis was evident
(Figure 3E). This density coincided with the position of
the PRD1 P30 (residues 28–79, Figure 3E, orange chain),
and, thus, we assign it to a tape measure protein. If this
density was due to inaccuracies in difference imaging,
such as inaccurate masking of the MCP, we would ex-
pect to see similar density in positions between other
MCP trimers. However, such density was absent. Since
the capsids of PRD1 and Bam35 share the same archi-
tecture and size, the Bam35 tape measure protein
should be approximately the same length as in PRD1
(83 residues). However, we observed density that could
accommodate only 52 residues. Based on size, gp17 (84
residues), gp12 (80 residues), gp13 (102 residues), and
gp24 (91 residues) were possible candidates. However,
PRD1 P30 has a high proline content (13%) and is pre-
dicted to be highly disordered in the N terminus by usingPONDR (Abrescia et al., 2004; Li et al., 1999). gp24 has
the highest proline content (9%) of any putative Bam35
gp, and gp12 has a similar PONDR profile to PRD1 P30.
Therefore, these are the most likely homologs.
Membrane Proteins Affect Membrane Thickness
and Curvature in Bam35
In the Bam35 reconstruction, the membrane is clearly
visible inside the capsid as a bilayer punctuated by
membrane proteins (Figures 1, 4, and 5). In each facet,
three bundles of transmembrane, probably a-helical,
proteins are present. In each bundle, a central cluster
of helices is surrounded by six peripheral helices. Four
helices could fit into this cluster, but the actual number
was not distinguishable in the current model (Figure 4).
The transmembrane bundle engaged in extensive inter-
actions with the N termini of the MCP trimers adjacent to
it (Figures 4C, 4D, and 6).
The Bam35 lipid bilayer was tightly associated with
the capsid (Figure 1B), similarly to PRD1. To quantify
the curvature and the thickness of the bilayer, we devel-
oped a novel, to our knowledge, method in which a trian-
gulated mesh model was created for both of the leaflets.
The mesh represents a surface that follows the density
maximum in the leaflet. From this model, the curvature
and the thickness can be calculated for each position,
and they can be further averaged and plotted over the
icosahedral asymmetric unit (Figure 5). The plot re-
vealed that the Bam35 membrane has the highest cur-
vature around the icosahedral 5-fold axes of symmetry
(q = 90º, f = 632º; Figure 5A, Bam35). However, at the
2-fold axes (q = 90º, f = 0º), the membrane was less
curved, and at the 3-fold axes (q = 69º, f = 0º), it was
completely flat (Figure 5A, Bam35). The membrane
was the thickest at the areas occupied by protein and
at the 5-fold axes (Figure 5B, Bam35).
For comparison, similar plots were computed for
PRD1 and Dengue virus (Figure 5, PRD1 and Dengue;
San Martı´n et al., 2002; Zhang et al., 2003). The results
showed major differences between the Bam35 and
PRD1 membranes (Figure 5, Bam35 and PRD1); Bam35
exhibited more local variations in curvature and thick-
ness than PRD1. These variations correlated with the
positions of the transmembrane bundles (Figure 4) pres-
ent in Bam35 and absent in PRD1. Hence, the membrane
does not simply line the inner surface of the capsid. In-
stead, its properties are modulated by membrane pro-
teins. The comparison with Dengue virus showed that
transmembrane proteins can modulate membrane cur-
vature (Figure 5A, Dengue) and also may occupy the
regions where the membrane is thinnest (Figure 5B,
Dengue).
Discussion
We have determined the structure of the membrane-
containing, icosahedral virus Bam35 by cryo-electron
microscopy and image reconstruction to 7.3 A˚ resolu-
tion. Clear, high-resolution density features, such as
a helices and the separation of the two sheets of the
b barrel in the MCP and the penton, confirm the assess-
ment of subnanometer resolution. These data enabled a
detailed comparison with the related virus PRD1 to be
made. The density was segmented to define individual
7.3 A˚ Resolution Cryo-EM Reconstruction of Bam35
1825proteins. Although some of the protein termini may have
remained undetected due to inaccurate masking during
the segmentation, we were able to resolve a protein con-
sisting of only an extended polypeptide chain (the cap-
sid size-determining protein). We found 60 large trans-
membrane complexes, each consisting of at least 9
transmembrane helices. These complexes affect the
membrane curvature and thickness.
Conservation of Structure and Assembly
Structure-based identification of homologs can succeed
where methods based on sequence alone fail, because,
in many cases, the fold is retained long after the se-
quence similarity becomes undetectable. Assignment
of function in Bam35 and GIL01 has been based mainly
on amino acid sequence analyses and the predicted or-
ganization of operons (Ravantti et al., 2003; Verheust
et al., 2003). Our results showed conservation of struc-
tural principles between PRD1 and Bam35. These simi-
larities range from the capsid organization and the spac-
ing of the membrane and DNA to overall fold and location
for a number of the structural proteins. For instance, we
could show that the MCP fold of Bam35 was similar to
that of PRD1 infecting gram-negative hosts, and, further,
to that of human adenovirus, the algal virusParamecium
bursaria chlorella virus type 1, and probably the archaeal
virus STIV-1 (Benson et al., 1999, 2004; Nandhagopal
et al., 2002; Rice et al., 2004; Roberts et al., 1986).
If Bam35 and PRD1 assemblies are the result of diver-
gent rather than convergent evolution, then it is likely
that their assembly pathways, which affect the final
structure, also are conserved. This has been observed
in all dsDNA phages with elongated tails, where related-
ness can be traced through a key assembly factor called
the tape measure protein, which determines tail length
(Hendrix et al., 2003; Katsura, 1987). Similarly, it has
been suggested that the essential dimeric assembly
protein P30 from PRD1, running along the length of
the facet edges, could be a capsid size determinant
(Abrescia et al., 2004; Rydman et al., 2001). A similar pro-
tein also cements the facet edges together in Bam35,
suggesting a general mechanism for viral size determi-
nation in viruses of this type. In principle, the MCP
trimers could extend in the plane by lateral interactions
into facets of different sizes, held together by stabilizing
glue proteins. The length of the tape measure protein
then would dictate the extent of the facet. This protein
is an extended polypeptide chain, minimizing the re-
quired encoding capacity. In the future, mutagenesis
of the predicted key assembly proteins can be used to
test this hypothesis.
Host Cell Recognition
The host of Bam35 (gram-positive bacterium) and those
of PRD1 (gram-negative bacteria) differ significantly in
their cell wall structure: gram-negative bacteria have
an outer membrane, whereas gram-positives do not.
Hence, one might expect major differences in the viral
cell entry mechanism. In PRD1, cell attachment is car-
ried out by the receptor binding protein (P2) that is com-
plexed with the vertex proteins P5 (spike) and P31
(penton base). To our knowledge, the current study re-
vealed new information on the equivalent Bam35 struc-
tures at each 5-fold vertex. The Bam35 penton proteinclearly is similar to the P31 protein of PRD1, as demon-
strated by the good fit of the P31 atomic model into the
Bam35 density map (Figures 3A–3C). The penton protein
would contain an eight-stranded b barrel, similar to P31.
We also have confirmed that Bam35 has spikes (Acker-
mann et al., 1978), even though they were averaged out
during the reconstruction process (Figure 1). The pres-
ence of the P31 homolog and additional spikes sug-
gested that at least two structural proteins form the
spike complex. Another putative spike complex protein
is P2 homolog gp29. Threading on the PRD1 P2 indi-
cated that gp29 is probably mainly b sheet, folded as
a small b propeller-like domain connected to a long
b sheet stalk (data not shown). Although it is likely that
the spikes are involved in receptor binding, the actual
protein(s) involved need to be confirmed by functional
studies. We conclude that the entry proteins can evolve
significantly in sequence, adapting with the host, while
preserving their position in the viral architecture.
The Role of Membrane Thickness and Curvature
in Assembly and Entry
Cellular membranes contain hundreds of different pro-
tein and lipid components, and yet, icosahedral mem-
brane-containing viruses such as PRD1 and Bam35
manage to exclude host proteins and some host lipids
during assembly (Grahn et al., 2005; Laurinavicius
et al., 2004; Ravantti et al., 2003). In eukaryotic mem-
brane-containing viruses, such selection has been at-
tributed to viral budding in lipid microdomains called
rafts (Briggs et al., 2003; Suomalainen, 2002). By quanti-
fying the membrane thickness and curvature in three dif-
ferent viruses (Bam35, PRD1, and Dengue virus), we
have identified much smaller localized domains in the
assembled virus, which correlate directly with mem-
brane protein position (Figure 5). This is especially strik-
ing when one compares Bam35 and PRD1, in which the
only major structural differences are in the membranes.
The variation of membrane thickness and curvature
probably arises during assembly. The viral transmem-
brane proteins found in the cytoplasmic membrane
may affect the lipid composition locally, selecting for lip-
ids with specific acyl chain lengths. This phenomenon,
called hydrophobic matching, has been observed indi-
rectly in simple model systems and MD simulations
(Jensen and Mouritsen, 2004; Mouritsen and Bloom,
1984), and it was observed directly in this study for
Bam35 and Dengue virus (Figure 5B, Bam35 and Den-
gue). This lipid-protein interaction also may cluster viral
membrane proteins together in the host cytoplasmic
membrane, thus promoting assembly, where the viral
membrane proteins then could select other viral com-
ponents. In Bam35, this cooperative interaction could
be with the tape measure protein and the MCP, which
is a peripheral membrane protein with an extensive
N-terminal interaction with the transmembrane com-
plex. Lateral interactions between MCPs would lead to
further growth of the capsid facets over the surface of
the membrane guided by the tape measure protein. This
lateral growth would exclude nonviral proteins. Such
a mechanism would suggest that those membrane-
containing viruses that have an icosahedrally symmetric
protein capsid will efficiently cover the underlying mem-
brane. Indeed, this is the case for the three examples
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1826discussed here, as well as for PM2 (Corticoviridae), other
members of the Flaviviridae, the Togaviridae, Chilo iri-
descent virus (Iridoviridae), Paramecium bursaria chlor-
ella virus, type 1 (Phycodnaviridae), and the archaeal vi-
rus Sulfolobus turreted icosahedral virus (Baker et al.,
1999; Huiskonen et al., 2004; Mancini et al., 2000; Rice
et al., 2004; Yan et al., 2000; Zhang et al., 2003).
What is the role of local variation in membrane curva-
ture in virus function? Curvature is suggested to create
destabilization of the membrane, which may be required
for fusion (Jensen and Mouritsen, 2004), and viruses
possessing a membrane usually fuse to the host cell
membrane during infection. In PRD1 and Bam35, the
membrane undergoes a dramatic change during infec-
tion, and it transforms into a tube (Figure 1A, inset).
The PRD1 membrane tube acts as a conduit for DNA de-
livery and might fuse with the gram-negative host outer
membrane (Grahn et al., 2002). In Bam35, the role of the
large membrane protein complex and associated local
curvature may be required to specifically interact with
the gram-positive host cell. In flaviviruses, the locally
higher curvature correlates with the position of the fu-
sion protein E (Figure 5A, Dengue), in which the mem-
brane patch is proposed to fuse with the host membrane
(Modis et al., 2004). In conclusion, these studies on
Bam35 provide insight into general mechanisms of virus
assembly and membrane structure.
Experimental Procedures
Bam35 and its host, Bacillus thuringiensis HER1410, were obtained
from the F. d’Herelle Reference Center for Bacterial Viruses, Laval
University, Quebec, Canada. A clear plaque derivative (Bam35c) was
grown in LB medium. The virus was purified by rate zonal centrifuga-
tion as described previously, resulting in both virions and particles
devoid of DNA (Ravantti et al., 2003). For some preparations, the host
flagella were removed by ammonium sulfate precipitation, and the
supernatant was pelleted through a 20% (w/v) sucrose cushion in
10 mM potassium phosphate (pH 7.2) (Airfuge, Beckman A95 rotor,
29 psi, 6 min). Pellets were resuspended in 10 mM potassium phos-
phate (pH 7.2) and used immediately for electron microscopy.
Cryo-Electron Microscopy
Samples for microscopy were prepared on copper holey carbon film
grids (Quantifoil) by vitrification in liquid ethane (Adrian et al., 1984).
Gatan 626 and Oxford CT 3500 cryostages were used to observe the
sample in a FEI Tecnai F20 field emission gun transmission electron
microscope at 200 kV under low-dose conditions at 2180ºC. Elec-
tron micrographs were recorded on Kodak SO-163 film at a nominal
magnification of 500003. The film was developed in full-strength
D19 for 12 min.
Image Reconstruction
Micrographs were digitized at a 7 mm step size on a Zeiss Photoscan
TD scanner, giving a nominal pixel size of 1.4 A˚. Contrast transfer
function (CTF) parameters were defined from the scanned micro-
graphs by using the program CTFFIND3 (Mindell and Grigorieff,
2003). Virus particles were selected from micrographs free from drift
and astigmatism automatically by using ETHAN (Kivioja et al., 2000),
and they were windowed with EMAN (Ludtke et al., 1999). A recon-
struction of bacteriophage PRD1 (EMD-1011; (San Martı´n et al.,
2002) was used as a model to estimate the initial starting orientations
with a model-based polar Fourier transform method (Baker and
Cheng, 1996). High resolution was achieved by iterative refinement
of the orientations in parallel by using the program POR on a Linux
cluster (Ji et al., 2003). The reconstructions were calculated in Car-
tesian coordinates (P3DR) in which a full CTF correction was applied
(Marinescu et al., 2001).
The absolute pixel size was estimated by scaling the Bam35 den-
sity against the PRD1 X-ray coordinates (PDB: 1W8X) by using theprogram GAP (Grimes et al., 1997). The pixel size giving the highest
correlation between the two (1.42 A˚/pixel) was used in subsequent
calculations and visualizations. A threshold of 1.3s giving the cor-
rect mass for the MCP shell (29 MDa, using an average protein den-
sity of 1.35 g ml21) was used in protein mass and isosurface calcu-
lations unless stated otherwise. Isosurface representations were
created with the UCSF Chimera package (www.cgl.ucsf.edu/
chimera; Huang et al., 1996) from the Computer Graphics Labora-
tory, University of California, San Francisco.
Difference Imaging
To visualize the membrane and minor components of the capsid, an
averaged MCP was subtracted from the reconstruction. The posi-
tions and orientations of the four individual MCPs were estimated
by fitting PRD1 MCP (PDB: 1HX6) into the Bam35 density map by us-
ing CoLoRes (Chacon and Wriggers, 2002). As the absolute hand of
the Bam35 reconstruction was not known, both enantiomorphs
were tried in the fitting, but only one gave a satisfactory result. The
individual trimers were aligned on top of each other and averaged
together, and a 3-fold symmetry was imposed. The averaged trimer
then was masked by using EMAN (Ludtke et al., 1999), and the
masked density was subtracted from the four trimer positions to
yield a difference map. The protein masses from difference maps
were estimated in EMAN (Ludtke et al., 1999).
Membrane Curvature and Thickness
The position of the inner and outer leaflet of the Bam35 wild-type
membrane was traced in IMOD (Kremer et al., 1996) from each indi-
vidual cross-section of the reconstruction filtered to 20 A˚ resolution.
From these stacks of 2D polygons, a triangulated 3D mesh model
was calculated by using the program Nuages (Geiger, 1993). For
each vertex of the model, the absolute value of mean curvature
was estimated (Meyer et al., 2002) by using the Gnu Triangulated
Surface Library (gts.sourceforge.net). In addition, the thickness of
the membrane was calculated in each position from the center of
the inner leaflet to the center of the outer leaflet. OpenDX (www.
opendx.org) was used to interpolate the curvature and thickness
values to continuous polar coordinate plots (Figure 5). Similar plots
were computed for reconstructions of two other membrane-
containing viruses, PRD1 (EMD-1011; San Martı´n et al., 2002) and
Dengue virus (Zhang et al., 2003).
Threading
The translated amino acid sequences from all of the 32 predicted
Bam35 proteins (Ravantti et al., 2003) were threaded by using
THREADER (Jones, 1998) against PRD1 X-ray structures P3 (PDB:
1HX6; Benson et al., 2002), P2 (PDB: 1N7V; Xu et al., 2003), and P5
(PDB: 1YQ5; Merckel et al., 2005), in addition to P16, P30, and P31
(PDB: 1W8X; Abrescia et al., 2004). The default THREADER scoring
scheme was used. To evaluate the significance of the threading re-
sults, shuffled Z scores were calculated by shuffling the target se-
quence 50 times, calculating the threading for each, and comparing
the random score distribution with the original threading score.
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